INTRODUCTION
Rheumatoid arthritis (RA) is an autoimmune synovitis characterised by the development of autoantibodies targeting the Fc portion of immunoglobulin (rheumatoid factor (RF)) as well as autoantibodies targeting citrullinated proteins (termed anticitrullinated protein antibodies (ACPAs)). ACPAs are currently detected by the commercial cyclic citrullinated peptide (CCP) assay in which a series of cyclised, synthetic peptides derived from filaggrin and identified through screening of peptide libraries are used as surrogate antigens for the detection of autoantibodies that target citrullinemodified antigens. 1 2 However, filaggrin and these other artificial citrullinated peptides are not expressed in synovial joints and the CCP assay may therefore fail to detect antibody reactivity to citrullinated epitopes that are not represented by these artificial mimics. A multiplex assay that encompasses the citrullinated antigens that are actually present in RA joints has the potential to improve the diagnosis of RA by enabling more comprehensive detection of ACPA responses as well as stratification of RA on the basis of the fine specificity of ACPA responses.
The clinical heterogeneity of RA, for instance in disease course and treatment response, suggests that there are distinct subtypes of RA. Therefore, there is a need for biomarker tests that can both accurately diagnose RA and molecularly stratify it. Current diagnostic tests for RA are based on single biomarkers, and their diagnostic sensitivities and specificities are limited. For example, RF has limited sensitivity and specificity for the diagnosis of RA, and autoantibodies detected by the CCP test (anti-CCP antibodies) have a specificity of up to 98% but a sensitivity of only ∼68%. 2 Further, current tests cannot differentiate subtypes of ACPA-positive (ACPA + ) RA. We previously demonstrated that analysis of multiple biomarkers can delineate RA subtypes on the basis of the fine specificity of ACPA responses and can provide insight into clinically identifiable RA subtypes such as disease initiation or severity. 3 4 Recent findings showed that a history of cigarette smoking is an environmental risk factor for RA, but only in individuals who carry HLA-DRB1 shared epitope (SE) alleles and are anti-CCP-positive (anti-CCP + ), [5] [6] [7] [8] underscoring the value of accurately identifying individuals with ACPA reactivity. Citrullination is the post-translational modification of arginine to citrulline by peptidyl arginine demininase. A variety of proteins present in synovial tissues become citrullinated in the inflamed RA joint. To better define the specific citrullinated proteins present in RA joint tissues, we and others have performed proteomic analysis of synovial Open Access Scan to access more free content proteins targeted by autoantibodies present in the blood of RA patients. 9 10 Using the citrullinated and other proteins and peptides identified by these analyses, we previously developed a planar, research-grade array containing >200 putative RA autoantigens and used it to identify serum autoantibody profiles associated with clinical subtypes of RA. 3 4 In this study, we aimed to develop a reproducible assay for ACPA profiling that is amenable to automation and, ultimately, to use in clinical care. We created a multiplex, bead-based antigen array by transferring select citrullinated antigens identified previously 3 9 10 onto the Luminex 200 running Bio-Plex Software V.5.0. We then used this custom array to profile ACPAs in sera derived from patients with RA, other arthritides and healthy controls. We detected ACPAs in at least 10% RA patients who were anti-CCP − in the Stanford Rheumatic Disease Registry Cohort, and then validated and extended this result in the Epidemiological Investigation of RA (EIRA) cohort. Thus, we identified a panel of citrullinated antigens that provide improved detection of ACPAs, and using samples from the EIRA cohort found that the combination of cigarette smoking and carriage of the HLA-DRB1 SE alleles is associated with greater ACPA reactivity in anti-CCP − RA patients.
MATERIALS AND METHODS Samples
All serum samples were collected after receipt of informed patient consent at Stanford University or the Karolinska Institute under protocols approved by the Institutional Review Board at Stanford University or the Karolinska Institute, respectively. The samples collected at Stanford University were provided by the Stanford Rheumatic Disease Registry and include sera from 30 patients with established RA, 23 patients with systemic lupus erythematosus (SLE), nine patients with psoriatic arthritis (PsA), six patients with gout and 10 healthy individuals. Stanford Rheumatic Disease Registry samples were collected and processed using uniform protocols, stored in the same freezer and results are from the first thaw of the sample. The samples provided by the Karolinska Institute were collected as part of the EIRA, a Swedish population-based case-control study, which enrols newly diagnosed individuals aged 18-70 who were recruited from May 1996 until May 2006 from a geographically defined region in Sweden. 11 Anti-CCP antibody status was analysed using a CCP2 assay (EIRA: Eurodiagnostica; Stanford Rheumatic Disease Registry: Axis-Shield) according to the manufacturer's instructions. For both cohorts, the diagnosis of RA was made according to the American College of Rheumatology 1987 criteria. 12 
Multiplex autoantibody assays
We developed a custom, bead-based, antigen array on the Luminex 200 running Bio-Plex Software 5.0 for measurement of ACPAs targeting 16 putative RA-associated autoantigens (see online supplementary table S1). As described in figure 1 , carboxyl groups bound to spectrally distinct beads were activated with 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride and N-hydroxysulfosuccinimide. These ester groups bound directly to the primary amines of antigen protein or streptavidin. Peptides were synthesised with an amine-terminus biotin followed by a hydrophilic aminohexanoic acid spacer and coupled to streptavidin-coated beads. Antigen-coated beads were washed with a Bio-Plex Pro II Washer, pooled and incubated with serum samples (1:30 dilution) at room temperature. After three washes, antihuman IgG antibody conjugated to phycoerythrin (PE) was incubated with the beads at room temperature. After an additional three washes, beads were resuspended in buffer and analysed on a Luminex 200 running Bio-Plex Software V.5.0 (Bio-Rad, Hercules, California, USA) for determination of PE fluorescence and bead identity.
Statistical analysis
To identify significant differences in antibody-antigen reactivity between groups, we analysed the fluorescence readouts by significance analysis of microarrays (SAM) 13 and sorted the SAM results on the basis of false discovery rates. We used hierarchical clustering software (Cluster 3.0) to arrange SAM results according to degree of similarity among patient samples in autoantibody reactivities, and Java Treeview 14 software to graphically display the results as a heatmap. Based on the SAM results, we identified ACPAs that could distinguish between RA patients and controls by comparing the mean fluorescence readout of reactivity for each antigen between RA cases and controls. We used these differentiating ACPAs in our final analysis aimed at evaluating the sensitivity and specificity of the multiplex assay in diagnosing RA.
A patient sample was deemed to contain antibodies to a specific antigen on the array (ie, to be 'positive' for the ACPA recognising that antigen) if the mean of the corresponding fluorescence value was three times that of the mean fluorescence value for the same antigen in samples from healthy individuals. An 'ACPA score' for each sample was determined by dividing the fluorescent value for each ACPA reactivity by the mean value for that specific ACPA and then taking the sum (Σ(ACPA value/mean ACPA value)). We used one-way analysis of variance and Dunnett's post hoc test (Graph-Pad Prism 5) to analyse the differences in ACPA score and in number of positive (antigenbinding) ACPAs between patients with differing smoker, HLA-DRB1 SE alleles and anti-CCP antibody status. p Values less than 0.05 were considered significant.
The reproducibility of the bead-based multiplex array was determined by establishing inter-assay and intra-assay coefficients of variance (CVs). Intra-assay reproducibility was determined by analysing 10 replicates of four samples with low, medium or high ACPA reactivity within a single run. Inter-assay CVs were determined by running three samples with no, low or high ACPA reactivity in 10 independent runs.
RESULTS

Development of a multiplexed, bead-based, antigen array for profiling ACPAs in RA
We sought to develop a multiplex biomarker test based on ACPA profiling that could ultimately be used in clinical care. We transferred the most promising of the candidate citrullinated epitopes identified previously 4 9 10 onto the Luminex 200 running Bio-Plex Software V.5.0, a multiplex, bead-based, immunoassay platform. The methods and principles of our multiplex, beadbased, antigen array are shown in figure 1 . To assess the reproducibility of our multiplex assay, we subjected it to replicate evaluation using samples from the Stanford Rheumatic Disease Registry. Intra-assay reproducibility was determined by analysing 10 replicates of each of four samples within a single run; the intra-assay CVs ranged from 0.4% to 5.5% (see online supplementary table S2). Inter-assay reproducibility was determined by analysing three samples in six or 10 independent runs; the interassay CVs ranged from 0.9% to 10% (see online supplementary table S2). These results are comparable with CVs obtained with commercially available RF and CCP ELISA tests. CCP ELISAs have intra-assay CVs ranging from 4.8% to 13% and inter-assay CVs ranging from 9% to 17%, 15 while RF ELISAs have an intra-assay CV of 6% and an inter-assay CV of 8%. 16 We used our antigen array to analyse ACPAs in sera from 30 patients with RA, 23 patients with SLE, nine patients with PsA, six patients with gout and 10 healthy individuals (table 1). To determine which of the citrullinated antigens on our array are targeted by ACPAs that are specific to RA, we compared ACPA antigen reactivity in sera from individuals with RA with that in sera from individuals with SLE, PsA or gout. Among the 16 citrullinated antigens on the array, SAM analysis identified eight that were preferentially targeted by ACPA to a significantly greater extent in sera from RA patients than in sera from patients with other inflammatory arthritides (figure 2A). These targeted antigens included citrullinated peptides derived from clusterin, histone 2a, biglycan, apolipoprotein E, filaggrin and vimentin, as well as citrullinated forms of vimentin proteins.
All of the sera from anti-CCP + RA patients were highly reactive to the citrullinated antigens on the array, whereas most of the sera from anti-CCP − RA patients were unreactive (figure 2A). However, sera from two of the 16 anti-CCP − RA patients were highly reactive to most of the citrullinated antigens. In addition, serum from a third anti-CCP − RA patient (BBS113) was highly reactive to a small subset of citrullinated antigens. These findings indicate that some RA patients have ACPA antibodies despite testing negative in the commercial CCP assay.
To confirm that the reactivity detected is citrulline specific, we analysed four non-citrullinated protein controls: apolipoprotein E, histone 2B, vimentin and fibrinogen. No CCP + RA patients who exhibited positive reactivity to citrullinated apolipoprotein E or fibrinogen A were reactive with the non-citrullinated forms of the same proteins (see online supplementary table S5). Two out of the 14 CCP + RA patients who possessed autoantibody reactivity to citrullinated vimentin also exhibited reactivity to the non-citrullinated form, and of the 14 CCP + RA patients who possessed autoantibody reactivity to citrullinated histone 2B two different patients exhibited reactivity to the noncitrullinated form. None of the CCP − RA patients who showed positive reactivity to the citrullinated forms of these proteins reacted to the non-citrullinated forms, demonstrating that these patients do have ACPAs (see online supplementary table S6). by table 3 as ACPA + with anti-CCP − /ACPA − RA patients. Significance analysis of microarrays was used to analyse differences between each group. Each antigen identified had a false discovery rate of <0.1%. Data were normalised as described in the Materials and methods section. A hierarchical clustering algorithm was used to determine cluster relations that group patient samples (top dendrogram) and antigen reactivities (right dendrogram) on the basis of similarities in patients' ACPA profiles. Dendrogram branch lengths and distances between nodes illustrate the extent of similarities in antigen reactivity, with blue representing a decrease relative to the mean value obtained in samples from healthy individuals, yellow no change and red an increase. CCP, cyclic citrullinated peptide; Cit, citrullinated.
patients and from healthy controls, we evaluated the performance of reactivity to one to five of the 16 autoantigens in the differential diagnosis of RA. Reactivity to any four of the 16 antigens was optimal, yielding a specificity of 96% and a sensitivity of 57% for the diagnosis of RA (table 2) . This specificity is comparable with that reported for the commercial CCP assay. 2 The sensitivity of our assay is greater than the 46.7% sensitivity achieved by the commercial CCP assay in the same patient cohort ( Klareskog et al 8 recently showed that cigarette smoking and carriage of HLA-DRB1 SE alleles are both risk factors for RA, but only anti-CCP + RA. Moreover, they uncovered a marked interaction between these two risk factors. The relative risk for RA was 21-fold higher in smokers with both copies of the HLA-DRB1 SE alleles than in non-smokers with no HLA-DRB1 SE alleles; again, this effect was limited to anti-CCP + RA. To determine whether we could recapitulate these findings with our 16 citrullinated antigen panel, using samples derived from the EIRA cohort we analysed ACPA reactivity in anti-CCP + and anti-CCP − RA patients including smokers and non-smokers with or without HLA-DRB1 SE alleles (table 1) .
Among anti-CCP + RA patients, carriage of one or two HLA-DRB1 SE alleles or a combination of both smoking and HLA-DRB1 SE alleles was associated with an increase of number of ACPAs ( figure 3A,D) . Likewise, in anti-CCP + RA patients, smoking, carriage of HLA-DRB1 SE alleles or a combination of both was associated with an increase in titre of ACPAs ( figure  3A,D) . There was also an increase in number and titre of ACPA between patients who only smoked or who possessed HLA-DRB1 SE alleles and those who had both risk factors ( figure 3A,D) .
Among the anti-CCP − patients, the combination of smoking and carriage of HLA-DRB1 SE alleles was associated with an increase in number of ACPAs ( figure 3B,D ). An analysis of the top 50th percentile of anti-CCP − patients was performed to eliminate the patients who are truly ACPA − , thereby enabling focused analysis of the anti-CCP − RA patients exhibiting the highest ACPA levels. In this subset of anti-CCP − patients, the combination of smoking and carriage of HLA-DRB1 SE alleles was associated with an increase in number and titre of ACPAs ( figure 3C,D) . The combination of smoking and HLA-DRB1 SE alleles was associated with higher ACPA titre as compared with those who had a history of smoking but did not possess the HLA-DRB1 SE alleles ( figure 3C,D) . Thus, the combination of smoking and carriage of HLA-DRB1 SE alleles is associated with the presence of ACPA in anti-CCP − RA patients.
DISCUSSION
In this study, we describe the development of a bead-based, multiplex, antigen array for profiling ACPAs in RA. Using this assay, we identified ACPA profiles that distinguished patients with RA from those with other inflammatory arthritides. We also used this assay in uncovering a subset of anti-CCP − RA patients who have ACPAs, and in confirming that smoking and carriage of the HLA-DRB1 SE are associated with greater ACPA reactivity.
ACPAs are a hallmark of RA, and their presence is one of the criteria for the diagnosis of RA (though approximately a third of RA patients never develop ACPAs). Currently, ACPAs are detected by the CCP assay, which measures ACPA reactivity to synthetic mimics of the citrullinated antigens targeted in RA. Although the CCP assay is highly specific in diagnosing RA, it is not very sensitive. As we 3 and others 2 have proposed, profiling ACPA reactivity to a panel of citrullinated antigens that are 
n=121). Number of ACPAs was determined by analysis of reactivity to 16 antigens; positive reactivity was defined as three times that for the same antigen in sera from the healthy controls. ACPA score is determined for each sample by dividing each ACPA value by the mean ACPA value and taking the sum of this product for each ACPA. *p≤0.05, **p≤0.01 and ***p≤0.001 by one-way analysis of variance (ANOVA) and Dunnett's post hoc test. (D) ANOVA and Dunnett's post hoc test results for each combination of smoking, HLA-DRB1 SE alleles and anti-CCP status. CCP, cyclic citrullinated peptide.
actually present in RA synovial joints could improve the sensitivity of diagnosing RA. Although SAM identified eight antigens as significantly different between the group of RA patients and with other diseases, at the patient-by-patient level some of the RA patients exhibited reactivity to other citrullinated antigens not identified by SAM. Therefore, we used the entire biomarker panel for sensitivity and specificity analysis.
Indeed, the biomarker panel of 16 citrullinated autoantigens identified RA patients with a sensitivity greater than that achieved by the commercial CCP assay in the same cohort. Furthermore, the specificity of this biomarker panel in diagnosing RA was 96%, a specificity comparable with that of the CCP assay. 2 Only two out of 48 controls were identified as ACPA + using our panel and these controls were both SLE patients.
Although the clinical data did not include CCP ELISA reactivity for control samples, we analysed reactivity to a CCP bead in our assay. When using a cut-off of three times higher than the average reactivity of healthy controls to determine positivity, both SLE samples that were positive in the multiplex assay are CCP-negative. The peptides used in the CCP assay are derived from filaggrin and other peptides identified in phage display screens. 1 2 They are an artificial mimic of the citrullinated antigens present in the RA joint, and thus may not fully represent the spectrum of citrullinated epitopes present in and targeted by autoantibody responses in RA. While this may not be a problem if ACPA reactivity is directed solely against epitopes present on citrulline itself, evidence suggests that ACPA reactivity depends in part on the amino acids flanking citrulline. 17 Therefore, optimal diagnosis of RA most likely requires assessment of ACPA reactivity to the specific citrullinated antigens targeted in RA. By including in our antigen array citrullinated peptides derived from proteins thought to be present in RA joints, our assay covers a greater number of putative RA-associated autoantigens and was thus able to detect the presence of ACPAs in RA patients who tested negative in the CCP assay.
Although the peptides comprising the CCP assay (the CCP2 assay) used may mimic several different citrullinated antigens, the sequence of these peptides remains undisclosed. Further, despite detecting ACPAs with great sensitivity, the CCP assay does not identify the specific antigens targeted by the ACPAs; therefore, it does not provide insight into the mechanisms underlying RA. By contrast, our assay reveals ACPA targeting of specific, citrullinated, pathologically relevant antigens that may play unique roles in the initiation and/or propagation of RA.
Next-generation CCP tests are being developed, and recently the CCP3 and anti-modified citrullinated vimentin (MCV) tests were described. For our studies, we used the CCP2 assay because of its widespread use in clinical practice. There has also been no significant improvements shown in sensitivity or specificity between CCP2 and either CCP3 18 19 or anti-MCV assays. 20 As a result, we can infer that our assay will have a higher sensitivity than both the CCP3 and anti-MCV assays, although further analysis will need to be performed.
RA is a heterogeneous disease varying in clinical features, disease severity and response to treatment. Currently, the field acknowledges the existence of two subsets of RA: anti-CCP + and anti-CCP -RA, 21 subsets that are thought to reflect the presence or absence of ACPAs. However, our multiplex assay revealed that three out of 16 anti-CCP − RA samples we analysed did in fact have ACPAs. ACPAs may develop before the onset of clinical RA 22 23 and are associated with more severe and erosive disease, including bone erosion. [24] [25] [26] Recently, a study demonstrated that methotrexate therapy during undifferentiated arthritis delayed progression to RA, but only in the patients who had ACPA reactivity as defined by the CCP test. 27 There is therefore a need for a diagnostic test that can reliably identify, at an early stage, patients who have ACPAs. If these patients go undetected, owing to lack of sensitivity of the CCP assay, they may not receive potentially beneficial therapy. Thus, use of an ACPA-profiling assay could enable more accurate classification of RA subsets and identify those likely to respond to specific therapies. Additionally, the ability to directly evaluate ACPA fine specificity in a high-throughput and highly reproducible assay could enable the identification of molecular subtypes of ACPA + RA, and hence the prediction of disease outcome and response to therapy.
Although the aetiology of RA is unknown, recent findings suggest that smoking acts as an environmental trigger of RA by inducing anticitrulline immunity in individuals possessing HLA-DRB1 SE alleles. 8 The findings from our ACPA-profiling assay support this hypothesis, confirming that among anti-CCP + RA patients, smoking and carriage of the HLA-DRB1 SE alleles are associated with greater ACPA reactivity. Moreover, we show that this is also the case in a subset of patients with anti-CCP − RA. Our findings indicate that a subset of anti-CCP − patients actually do possess ACPAs, highlighting the need for nextgeneration diagnostics to detect ACPAs in these patients. Further, our results confirm the interaction between the HLA-DRB1 SE alleles and smoking in anti-CCP + RA patients, and suggest that cigarette smoking and the HLA-DRB1 SE alleles may contribute to the development of ACPA in anti-CCP − RA patients. This study has several limitations. Because its aim was to provide proof of concept that our novel ACPA-profiling array could detect pathobiologically and clinically relevant ACPA profiles, the sample size analysed is small and our findings therefore remain to be validated in a larger, independent cohort. We were also unable to adjust for treatment-related effects that could affect the levels of ACPAs and therefore confound interpretation of our data. Although efforts were made to match patient groups based on disease duration, sex, age and other demographic parameters, when such parameters were available, differences in the underlying demographics of the groups could also confound the results. Additionally, although our assay includes putative autoantigens identified through proteomic screening, 9 there are likely additional citrullinated antigens present in RA joints. This provides the potential for even further expansion of the antigens represented on our array, with an eye toward further increasing the sensitivity of ACPA profiles in diagnosing RA, as well as further delineating molecular subtypes of clinical significance.
CONCLUSIONS
In this study, we describe the development and application of a multiplex antigen array for profiling ACPAs in RA. The ACPA profiles we identified with our array had comparable specificity and greater sensitivity than the commercial CCP test in diagnosing RA. Indeed, our array enabled the detection of ACPAs in at least 10% of RA patients who tested negative for ACPA reactivity in the CCP2 assay. Although these ACPA profiles remain to be validated as biomarkers of RA, our findings suggest that profiling specific ACPAs has the potential to improve the diagnosis and stratification of ACPA + RA. Further, we show that a history of cigarette smoking and possession of the HLA-DRB1 SE alleles are associated with the presence and extent of ACPA reactivity in certain anti-CCP − RA patients, suggesting that smoking and HLA-DRB1 SE alleles may contribute to the development of ACPA in anti-CCP + RA and in anti-CCP − RA.
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